Cancellation performance of a loop-current array shielding module depends on the overcompensation method used to adjust current in the loops. In previous experiments we used a single value as an overcompensation factor to all of the loops in the array. In this paper a new method of the overcompensation is proposed and verified numerically. In this method overcompensation factors are calculated independently for each of the loop-current. Simulation results show almost two times improvement in the attenuation ratio and 6-8 times expanding of the best cancellation area by the new method. An example of the implementation of the proposed overcompensation method is described in the paper.
Introduction
Active magnetic shielding plays an important role in attenuating of dc or low frequency magnetic noise. This method in combination with cylindrical passive shield or a magnetically shielded room found its use in numerous applications, especially in biomagnetic filed measurements or geophysical research. The classical design of an active magnetic shield has a form of a cubic coil or coils connected in series and wound around the area to be shielded or fixed with passive shield. Magnetometer to monitor incoming magnetic noise is necessary to adjust values of the cancelling magnetic field generated by these coils [1] [2] . However, the use of a single magnetometer makes the cancellation performance of an active shield strongly dependent on the location of the magnetometer in the area to be shielded. This feature reduces the overall performance of the active magnetic shield.
A self-tunable loop-current array active shielding module was proposed in [3] and preliminary numerical verification was presented in [4] . The idea of this system is that disturbing magnetic fields coming to the shielded area are superimposed by an inverse magnetic field generated by the array consisting of several loop-currents. In shield of this type, disturbing magnetic field is monitored by magnetometer placed in the center of each loop-current in the array.
The main problem in designing a loop-current array active shield is to find an appropriate overcompensation to the disturbing magnetic field at the center of loop-currents in order to provide the best cancellation over the area slightly apart from the array shield.
Numerous shield designs have been evaluated in simulations with respect of physical dimensions of the array and loop-currents, location of the disturbing source as well as to the position of the evaluation plane. Based on the simulation results, a 3 by 3 model of the loop-current array shielding module was constructed.
Experimental results showed 1/11 attenuation for dipole disturbing sources as reported in [5] . However, cancellation performance was limited to a small range along the axis perpendicular to the array plane and passing its center as about 1/10 of the side length of the array. That was due to the limitations of the method used to evaluate proper values of currents in the constructed model of the shield as overcompensation factors were the same for each of the loop in the array.
Similar design of the active shield was described in [6] where shield has a form of cube with square loop-currents spreads on each of the wall. However, presented method to provide stable shield operation does not utilize overcompensation technique.
In this paper a method to improve cancellation performance of the loop-current array is proposed and evaluated numerically. The idea is to the adjust overcompensation factor independently for the current in each of the loop. Overcompensation factors can be calculated in the real-time based on actual information about magnetic field distribution from magnetometers in the loop-current array.
The proposed algorithm allowed for proper adjusting of the overcompensation factors in response number noise sources and for sources that changing location in front of the shield, thus flexibility of the shield is increased.
2. Self-tunable loop-current array shielding module Fig. 1a shows a loop-current array shielding module. The array consists of loop-currents placed with equal spacing in x and y directions. In the center of each loop-current a fluxgate magnetometer is placed to monitor the incident magnetic noise as shown in Fig. 1b . Canceling magnetic field is produced by the main loop-current of the diameter R having N turns winding. Loop-current is combined with a feedback system so that the total magnetic field in to the magnetometer can be made zero. To obtain good attenuation in the space in front of the array a technique is needed to properly adjust currents in loop-currents to overcompensate the incident magnetic field in the place of the magnetometer. This will provide shift of the best cancellation area largely apart from the array. In our previous investigations shown in [3] [4] [5] , we used small overcompensation coils of the radius Rover and having n turns wound around magnetometers in the opposite direction and connected in series with the main loop-current (see Fig. 1b ). That makes possible to decrease the magnetic field of the main loop-currents seen by the magnetometers, thus overcompensate currents in the loop-currents. In this system overcompensation ratio k have the same value of for each loop in the array and depends on the geometrical dimension of radius Rover and number of turns n.
In the shield design, overcompensation factor k has to be found in iterative calculations using method described in [4] . An important assumption in the simulations was that the locations of the disturbing source placement and area to the shielded are known. 
Improvement of the cancellation performance
Canceling performance can be considerably improved by adjusting overcompensation ratio independently for each of the loop-current in the array. The idea of the overcompensation method is to select several optimization points along the two-dimensional evaluations plane and to find overcompensation factors ki to minimize the value of the resultant magnetic field in these points. In our method, points are placed on the lines crossing over geometrical centers of the loop-currents in the array as shown in Fig. 2 .
Overcompensation factors ki are expressed as a relationship between the value of the magnetic field needed to attenuate a disturbing magnetic field in the desired shielded area to the value of the magnetic field generated by a loop-current necessary to compensate a disturbing magnetic field in the area of a fluxgate sensor. In other words, this value is a no-dimensional multiplier of the current in the array that should be used to obtain good cancellation at a desired position.
An axial component of the magnetic field generated by loop current can be calculated using following expression [4] :
where K(m) and E(m) are elliptic integrals, I is the current to the i-th loop, R is radius of the main loop, r and z are a radial and axial distance between the center of the loop and the calculation point, respectively. To find an appropriate value of overcompensation factors ki, a matrix equation (3) has to be solved: 
where, Bij-pj is magnetic field value coming from the j-th loop-current to i-th optimization point calculated from Eq.(2), kj is an overcompensation factor for j-th loop-current and Bdist pi is the value of a disturbing magnetic field in the i-th optimization point.
Numerical demonstration of the new overcompensation technique is carried out by assuming a disturbing dipole as a disturbing source placed on the symmetry axis 2 m beyond the loop-current array as shown in Fig. 2 . Nine self-tunable loop-currents are Fig. 2 .
The radius of each loop is 0.2 m. Evaluation is done over a 3.2 m by 3.2 m evaluation plane placed 2.5 m in front of the array. Calculations are performed for two cases. In the first case, the same values of the overcompensation factors are assumed for the all loop-currents in the array. Overcompensation factor found in numerical simulations was 29.8. Distributions of the disturbing magnetic field, magnetic field produced by loop-current array and resultant magnetic field are shown in Fig. 3 . The distributions are calculated along y axis of the evaluation plane for x=0 and z=2.5 m. Calculated attenuation ratio for this case is 1/74 of disturbing magnetic field value. However, as seen from Fig. 3 area of the best cancellation is limited to the narrow, 10-20 cm area.
In the second case, the value of the overcompensation factors for each of the loop are independently optimized numerically by means of the proposed method to obtain a best uniformity of the resultant magnetic field. Values of the optimized overcompensation factors ki are shown in Table 1 . Fig. 4 shows distribution of the disturbing magnetic field, magnetic field produced by loop-current array for this optimized case. In this case, attenuation ratio is 1/134 of the disturbing magnetic field. As can be seen, also the best cancellation area is considerably increased compare to the case when only one overcompensation factor k is used for each loop in the shield. However, values of the overcompensation factors, thus the magnetic field that has to be generated, increased 8-10 times. Fig. 5 shows comparison of the resultant magnetic field distribution over the evaluation plane for two analyzed cases.
Another numerical analysis was conducted for the off-axial placement of the disturbing dipole source. In that case, the disturbing source was placed 2 m beyond the loop-current array and 0.6 m off the symmetry axis of the shielding system. Physical dimensions of the loop-current in the shield as well as the placement of an evaluation plane remained the same as in the previous calculations. Overcompensation factor k found by the numerical simulations for the case when the same factor was assumed for each of the loop was 41.5. A corresponding distribution of the magnetic field along the evaluation plane is shown in Fig. 6 . Attenuation ratio for this case was 1/68. By applying the new overcompensation method, attenuation ratio is improved to 1/127 as well as uniformity of the resultant magnetic field as shown in Fig. 7 .
Corresponding overcompensation factors ki are given in Table 2 and comparison of the resultant magnetic field distribution over the evaluation plane for two cases is shown in Fig. 8 .
Implementation of the method
To implement proposed method knowledge about the values of the disturbing magnetic field in the optimization points is necessary. On the other hand, placement of another array of sensors in the area to be shielded to measure those values is not possible in real applications. One of the possible ways to solve this problem is to use information about the disturbing magnetic field distribution from magnetometers placed in the loop-current array. In such case, only one additional magnetometer placed in the shielded space in front of the array is needed to obtain information how the disturbing magnetic field is changes along the z distance as shown in Fig. 9 . Basing on that, we can estimate values of the disturbing magnetic field in the other optimization points.
Proposed method do not impose placement of the magnetometer in front of the array, however, this position have to be know. From practical point of view placement it in front of one of loop-currents in the array is desirable. This will simplify calculations necessary to obtain information about changes of the disturbing magnetic field in z direction.
Conclusions
Use of independent overcompensation factors ki for each loop-current in the array allows to improve attenuation ratio and uniformity of the resultant magnetic field. Shielding system become more flexible and provides real-time adjustment of the overcompensation factors ki in response to changes of the disturbing field. A method to implement improved overcompensation technique was given in this paper.
